Suppressor of cytokine signaling 3 (SOCS3) plays an important role in mice fetal liver erythropoiesis, but the roles of SOCS3 in human hematopoietic stem cells (HSCs) have not been well investigated. In the present study, lentiviral small interference RNA expression vectors (shRNA) of SOCS3 were constructed and stably transferred into HSCs. We found that SOCS3 knockdown induced erythroid expansion in HSCs. Conversely, Ectopic expression of SOCS3 in progenitor cells blocked erythroid expansion and erythroid colony formation of HSCs. To further explore the involved mechanism, we compared gene expression profiles of SOCS3-shRNA tranduced HSCs with that of control HSCs by whole genome microarrays. The results indicated that cell developmental process related genes, especially hematopoietic lineage-specific genes, associated with the responses to SOCS3 in HSCs. Downexpression of SOCS3 in HSCs or differentiated erythroid progenitor cells induced a transcriptional program enriched for erythroid development relative genes. Our results proved that SOCS3 down-expression induced lineage commitment towards erythroid progenitor cell fate by activation of erythroid-specific gene in HSCs and provided new insight into the mechanism of erythropoietic development.
Introduction
The availability of red blood cells (RBCs) transfusion is limited by both quantity and the risk of disease [1] . With the repaid development of biology research, generation of RBCs from HSCs and embryonic stem cells (ESCs) may represent an important new resource for blood transfusion [2] [3] [4] [5] [6] . Hence, it has great value to establish efficient ways for production RBCs in vitro and study the mechanism in erythropoietic development.
Erythropoiesis is the process by which hematopoietic stem/progenitor cells give rise to lineage-committed erythroid precursors, and terminally differentiate into mature circulating red blood cells. Erythropoiesis is controlled by cytokines in micro-environment and a lot of genes in cells [7] [8] [9] .
Suppressor of cytokine signaling is a protein family of eight members (SOCS1-7 and CIS) which form a classical negative feedback system to regulate cytokine signal transduction [10] . SOCS3 can inhibit the activity of JAK2 kinase and negatively regulate cytokine signaling through the JAK/STAT pathway. Previous studies proved that SOCS3 was involved in placental development, allergic responses, protein ubiquitination and especially in erythropoiesis [11] [12] [13] [14] [15] [16] . SOCS3 played a critical role in fetal liver erythropoiesis, SOCS3 deletion resulted in an embryonic lethality with marked erythrocytosisat 12-16 days. In addition, SOCS3 negative regulated the maturation of erythroid cells and inhibited the function of erythropoietin [16] [17] . But Roberts et al reported that SOCS3 was dispensable for normal hematopoiesis in the mouse embryo which showed a controversial effect of SOCS3 on erythropoiesis [18] . So, it is still unclear about the role of SOCS3 in the erythroid development of HSCs.
In the present study, we investigated the effect of SOCS3 on erythropoiesis in HSCs by clonogenic progenitor cell assay, flow cytometry, Wright-Giemsa staining and related functional assays. Then we found erythropoietic differentiation of HSCs could be promoted by SOCS3 knockdown and blocked by SOCS3 over-expression. Moreover, we carried a detailed analysis on the underlying mechanism by the HumanHT-12 v4 Expression BeadChip, which have more than 48000 probes. The results revealed that down-expression of SOCS3 increased erythroid-specific gene expression which generated an overview of transcriptional changes in hematopoietic stem cells following SOCS3 knockdown.
Materials and Methods

Isolation of human hematopoietic stem cell
Human umbilical cord blood was collected, using a clinically approved method, upon written approval by the mothers. All investigations were approved by the institutional ethics committee of Chinese PLA General Hospital. CD34 + cells were obtained using magnetic bead separation (Stem Cell Technologies, Cat#18056). More than 95% selected cells were CD34 + assessed by FACS.
In vitro culture of CD34 + cells
For expansion, CD34 + cells were cultured in Stem Span TM SFEM serum-free medium (Stem Cell Technologies, Cat#09650) containing 100ng/ml stem cell growth factor (SCF), 50ng/ml thrombopoietin (TPO), 50ng/ml human interleukin-3 (IL-3), and 50ng/ml Fms-like tyrosine kinase3-ligand (Flt3) which all purchased from Peprotech company. In erythroid differentiation experiments, CD34 + cells were cultured in SFEM serum free medium supplemented with 5U/ml erythropoietin (EPO), 100ng/ml SCF, 40 ng/mL insulin-like growth factor-1 (IGF-1) and 20ng/ml IL-3 (Peprotech company).
Plasmid construct
SOCS3 siRNA (siSOCS3-1: 5'-CCAAGAACCTGCGCATCCA-3'; siSOCS3-2: 5'-AGAGCC ATTACATCTACT-3') were cloned into shRNA vector pSicoR-GFP. The constitutively active human SOCS3 was subcloned from K562 cells and inserted into the pBplv-EGFP vector. Subsequently, lentiviral particles production was performed as described previously [19] [20] .
Transfections and Sorting
CD34
+ cells or erythroid progenitor cells cultured in erythroid differentiation medium for 7day were collected by centrifugation and then resuspended with culture medium containing lentivirus particle and polybrene (a final concentration of 6μg/ml), the cells were plated in 6-well plates at the density of 1×10 6 /ml. Over night, the culture medium was changed and the cells were cultured in normal culture conditions for 72h. 24-72h after transfection, positive cells were sorted by fluorescence-activated cell sorting (FACS), according to the expression of green fluorescent protein (GFP), and then cultured in erythroid differentiation medium.
Flow cytometric analysis
Cells were incubated with the APC-conjugated and PE-conjugated monoclonal antibodies: anti-human CD34, CD71, CD117, glycophorin A (GPA) and CD45 (B&D Biosciences) for 30 minutes at 4°C, then washed with PBS for 3 times, analyzed by a flow cytometeric analysis using the FACSCalibur (Becton-Dickinson, Mountain View, CA, USA).
RT-PCR and Real-Time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) as described by the manufacturer's protocol. RNA was then reverse-transcribed into cDNA by AMV reverse transcriptase (TaKaRa). PCR was performed with rTaq polymerase (TaKaRa). All PCR reactions were per- 
Wright-Giemsa staining
Cells were dropped onto slides and fixed for 20 minutes in 4% paraformaldehyde. Then they were stained with Wright-Giemsa reagents (Fisher Scientific) following manufacturer's instructions. Cell morphology was analyzed by light microscopy on cytocentrifuged smears stained with Wright-Giemsa on day 21 in erythroid differentiation medium.
Immuno-fluorescence staining
Cells were fixed in 4% paraformaldehyde for 20 minutes. Then they were washed with PBS, for 3 times, before acquiring Images using the fluorescence microscope DAPI (5μg/ml) was added to dishes.
Functional Analysis of Hemoglobin
Erythroid cells from shSOCS3-1 CD34 + cells and normal adult RBCs were collected and were used to characterize the function of hemoglobin. Oxygen equilibrium curves were determined using a hemox-Analyzer, Model B. gas phase gradients were obtained using nitrogen and room air, and the curves were run in both directions
Whole-genome expression analysis HumanHT-12 v4 Expression BeadChip targets more than 48000 probes derived from the National Center for Biotechnology Information Reference Sequence (NCBI) RefSeq Release 38 (7 November 2009) and other sources. The beadchips were scanned on the Illumina Bead Array 500GX Reader using the Illumina BeadScan image data acquisition software. Illumina BeadStudio software was used for preliminary data analysis. The preliminary data were normalized using sample averages. To do so, the sample intensities were scaled by a factor equal to the ratio of average intensity of a sample to the average intensity of the given sample. In this article hematopoietic cells transfected with empty vector were regarded as the given sample. Each sample was repeated 3 times.
An Illumina custom algorithm was used to compare shSOCS3-1 CD34 + cells with control cells. A difference score for a probe (diff score) indicates differential gene expression between these two groups. For each gene, the diff scores of corresponding probes are averaged.
Statistical analysis
All the data were expressed as means±SD. Statistical significance was determined by using Student's t-test. Differences were considered significant at P<0.05.
Results
The expression of SOCS3 regulated the fate of HSCs
To investigate the function of SOCS3 in lineage commitment of HSCs. Lentivirus vectors expressing small interference RNA of SOCS3 were constructed and transferred into HSCs. The vector contained EGFP gene, so lentivirus infection efficiency was estimated by GFP expression. GFP + HSCs were sorted by fluorescence-activated cell sorting ( Fig 1A and 1B ) After sorting, the expression of SOCS3 in HSCs were examined by real-time PCR and western-blot. 
Function of Socs-3 in Erythropoiesis
Then we found SOCS3 was down-regulated by almost 80% in sorted shSOCS3-1 HSCs at mRNA level. Correspondingly, SOCS3 protein in shSOCS3-1 CD34 + cells was also reduced greatly comparing to shcontro1 or shSOCS3-2 CD34 + cells (Fig 1C) .
CD34
+ cells were seeded in methylcellulose. 14 day after seeding, we found shcontro1 CD34 + cells could form various types of hematopoietic colonies including colony-forming units-granulocyte-macrophage (CFU-GM), colony-forming units-macrophage (CFU-M) and burst forming unit erythroid (BFU-E) colonies. However, Colony-forming units-erythroid (CFU-E) which represented a later stage of erythroid development could not been seen (Fig  2A) . On contrary, the amount of global colony significantly increased in shSOCS3-1CD34 + cells, and most of them were erythroid colony (BFU-E colonies accompanying by some CFU-E) (Fig 2B) . The numbers of erythroid colony increased by about 3-fold in shSOCS3-1 CD34 + cells compared to shcontrol HSCs accompanying by a significant decrease in the number of CFU-GM (Fi.2C). In addition, enucleated red blood cells could be detected in CFU-E from shSOCS3-1 CD34 + cells (Fig 2D) which implied that SOCS3 knockdown could promote the global and erythroid colony formation potential of HSCs. Next, we ectopically expressed SOCS3 in HSCs using lentiviral expression vectors. The expression of SOCS3 in sorted GFP-positive cells increased 20-fold at mRNA level compared to empty vector transduced controls (Fig 1D) . When SOCS3 over-expression CD34 + cells were plated in semisolid media, the global and erythroid colony formation ability of them was significantly blocked. The numbers of erythroid colonies decreased by about 2.5-fold in SOCS3 over-expression cells compared to empty vector transduced cells (Fig 2C) . Most of the colonies from SOCS3 over-expression CD34 + cells were CFU-GM which suggested that SOCS3 could control the differentiation of hematopoietic stem/ progenitor cells.
Knockdown of SOCS3 promoted erythroid determination
To further examine the role of SOCS3 in erythroid commitment and differentiation, CD34 + cells were cultured in erythroid differentiation medium with a combination of EPO, SCF and IGF-1 which were reported as the necessary factors for proliferation and differentiation of erythroid progenitor from HSCs [21] [22] [23] . Differentiation of CD34 + cells in different groups was documented by FACS analysis. We found CD34 + cells rapidly declined and the majority of the cells did not express CD34 on day 7 in all groups (Fig 3 and Table 1 ). Since CD34 was a marker of early progenitor cells, the results suggested that hematopoietic stem cell started to differentiate as expected. In contrast, the expression of erythroid specific makers increased throughout the rest of differentiation. For shSOCS3-1 CD34 + cell, we observed a robust erythroid development on day 7 in liquid culture, about 95% cells were CD71 positive, about 91% cells were CD117 positive and about 21% cells were GPA positive. On day 14, the expression of CD71 decreased slightly and the expression of GPA, marker of more mature erythroid cells, increased. On day 21, more than 95% cells were GPA + , but the CD71 + cells were less than 60% (Fig 4) .
For shcontrol vector transduced CD34 + cells, CD71 and CD117 positive cells were only about 60%. GPA positive cells were less than 3% on day 7 after sorting ( Fig 3A) . The CD71 and GPA positive cells increased throughout the rest of erythroid differentiation. On day 21, almost all cells are CD71 + / GPA + (Fig 4) .
Vice versa, SOCS3 over-expression caused a significant reduction in erythroid cells accompanying by a more than 50% decrease in CD71 and CD117 expression and a about 70% reduction in GPA expression compared to empty transduced CD34 + cells on day 7 (Fig 3B) . And on day 14, the number of CD71 and GPA positive cells in SOCS3 over-expression group was still much less than that in empty group. On day 21, GPA + cells from SOCS3 over-expression CD34 + cells were only about 60% of that from empty transduced CD34 + cells (Fig 4) . The results suggested that SOCS3 induced skewing of CD34 + cells towards an erythroid fate and stable knockdown of endogenous SOCS3 levels promoted erythroid development of hematopoietic stem cells.
Analysis of erythroid cells from shSOCS3-1 CD34 + cells
To further understanding the characterization of the red blood cells (RBCs) from different groups, we stained them with Wright-Giemsa on day 21 in liquid culture and found that RBCs from shSOCS3-1 CD34 + cell had a similar morphology to these from control group. However, more enucleated RBCs could be observed from shSOCS3-1 CD34 + cells (Fig 5A) . Approximately 40% of erythroid cells from shSOCS3-1 CD34 + cells were enucleated. While only 5%-10% erythroid cells from shcontrol CD34 + cells were enucleated (Fig 5B) . These results con- After SOCS3 knock down or over-expression, the cell surface markers expression of cultured erythroid progenitor cells significantly changed. The expression of CD71, CD117, and GPA increased after SOCS3 knock down comparing with shControl, while the CD71, CD117, and GPA decreased after SOCS3 over-expression comparing with Expression-control. The data represent the mean ± SEM from three experiments. ※comparing with shControl value<0.05
Next, we investigated SOCS3-induced gene expression alteration in HSCs through GO analysis (Fig 7) . The results indicated that organ and cell development signaling pathway were mainly associated with responses to knock down of SOCS3 in HSCs.
Identification of the effect of SOCS3 knockdown on erythroid transcriptional program
Then lentivirus vectors expressing small interference RNA of SOCS3 were also transferred into differentiated erythroblasts on day 7 in liquid culture. We selected four possible candidate Function of Socs-3 in Erythropoiesis genes including CD36, HEMGN, EPOR, IGFBP and examined the expression of these genes in HSCs and differentiated erythroblasts after SOCS3 knockdown. CD36 was the marker for erythroid progenitor [24] . HEMGN (also called EDAG) and EPOR could positively regulate erythroid differentiation [25] [26] . IGFBP-3 could promote the proliferation of primitive CD34 + hematopoietic cells. Then we found that SOCS3 knockdown could promote the expression of erythroid differentiation and proliferation related genes not only in HSCs but also in differentiated erythroblasts (S2 Fig). Taken together, these findings further confirmed that SOCS3 down-expression induced a progenitor fate in HSCs with a bias towards the erythroid lineage.
Discussion
Erythropoiesis at molecular level is driven by a combination of transacting factors that act in concert to direct the genes expression for erythroid-specific proteins [27] . The critical roles of SOCS3 in fetal erythropoiesis and erythroid progenitors maturation have been demonstrated [14] [15] [16] , while little is known about the role of SOCS3 in erythroid development of HSCs.
In previous study, we proved that K562 cells could be induced into erythroid lineage cells more easily after silencing of SOCS3 [28] . Here, we showed that SOCS3 was important for the lineage commitment of HSCs towards the erythroid. And it was a feasible method to product large numbers of erythroid cells from cord blood-derived HSCs in vitro by SOCS3 knock down.
First, we found erythroid colony formation in HSCs from human cord blood correlated with SOCS3 expression. SOCS3 knockdown resulted in significant increase in the number and the percent of erythroid colonies and SOCS3 gene over-expression almost completely abrogated erythroid colony formation of HSCs.
Then, we induced HSCs into erythroid cells in the serum-free medium with EPO, SCF and IGF-1 after SOCS3 knock down or over-expression. 7days after induction, almost all the cells Function of Socs-3 in Erythropoiesis from shSOCS3-1 CD34 + cells were CD71 and CD117 positive which were highly expressed on early erythroid cells. And more than 20% cells from shSOCS3-1 CD34 + expressed matured erythroid specific cell surface marker-GPA. However, for SOCS3 overexpression group, CD71 or CD117 positive cells were less than 60% and few GPA positive cells could be found after 7 days induction. On 21day in liquid culture, we found almost all erythroid cells from shSOCS3-1 CD34 + cell expressed GPA. In addition, many GPA + cells became CD71 − cells. To our knowledge, it was as a sign of cell cycle arrest and terminal maturation to erythrocytes [29] . On contrary, GPA + cells from SOCS3 over-expression CD34 + cells were less than 14% at same culture condition. Erythroid differentiation and maturation were also documented by Wright-Giemsa based the morphological analysis. We found that SOCS3 knock down promoted enucleation of indicated that SOCS3 knock-down increased the expression of multiple erythroid-specific genes and down-regulated genes controlling lymphoid differentiation. To validate the precision of gene expression bead array, real-time RT-PCR was performed on four erythroid development relative genes. The results showed that SOCS3 knockdown could accelerate normal erythroid transcriptional program by promoting the expression of erythroid related genes both in HSCs and in differentiated erythroblasts. In addition, Although there were small differences in the fold change values between two methods of measurement, the data from real-time PCR were in agreement with that from bead array (S2 Fig, Table 2 ) which strongly supporting the reliability of gene expression bead array analysis. At last, we examined the effects of SOCS3 over/down-expression on JAK-STAT signaling in HSCs. As illustrated in S1 Fig, stronger expression of p-JAK2 and p-STAT5 were detected in shSOCS3-1 HSCs. On contrary, the level of p-JAK2 and p-STAT5 was inhibited by SOCS3 over-expression, These results were in accordance with the previous studies [12, 29] . 
Function of Socs-3 in Erythropoiesis
In conclusion, we show that in hematopoietic progenitor cells, SOCS3 is critical for the commitment towards the erythroid lineages by inducing expression of lineage-specific genes. Expression profiling of CD34 + cells after SOCS3 down regulation revealed transcriptional change in genes with mainly related with erythroid cell lineage commitment or differentiation. Down-expression of SOCS3 in hematopoietic stem cells could promote erythroid differentiation of HSCs. In previous studies, stromal cell lines or a variety of hematopoietic growth factors and cytokines were indispensable for in vitro production of erythrocytes from HSCs [30] [31] [32] [33] .
Here we proved it was a feasible procedure to yield erythroid progenitors from HSCs rapidly and efficiently by altering the expression of specific gene. Our study may be valuable for the futher study of erythropoietic development. However, the accurate molecular mechanism of this inducing system is still unclear. In addition, more safe method to knock down SOCS3 in hematopoietic stem cells is needed. These will be the certain focus of future research.
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